The sterol composition of marine invertebrates, crustaceans, molluscs, echinoderms, coelenterates, and sponges has been re-examined by using improved analytical techniques. As a result, the sterol composition of marine invertebrates has been shown to be more complex mixtures including many new types of sterols with unusual steroid nuclei or with non-conventional side chains. Some crustaceans and molluscs are of importance as seafood and aquaculture species. Crustaceans and some molluscs require dietary sources of sterol for growth and survival because of the absence of de novo sterol-synthesizing ability. The present paper gives a review of the requirement and nutritive value of sterols, biosynthesis and metabolism of sterols, and composition and structure of sterols in marine invertebrates.
INTRODUCTION
The sterol constituents of a variety of marine invertebrates have been reinvestigated in detail by using modern techniques such as gas-liquid chromatography, argentation chromatography, mass spectrometry, and nuclear magnetic resonance spectrometry. On the other hand, several workers have investigated the sterol biosynthesis in marine invertebrates. The lack of sterol synthesis in some marine invertebrates is of interest in the viewpoint of both chemotaxonomy and animal nutrition. Some crustaceans and molluscs in marine invertebrates also include important species for aquaculture. The present paper presents the nutritive value, metabolism, and composition of sterols in marine invertebrates. These topics have been described in reviews by many researchers during the past two decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 
BIOSYNTHESIS AND REQUIREMENT OF STEROLS
Many investigations have been conducted to determine the capacity of representative species of all the major marine invertebrate phyla to biosynthesize sterol. Such studies have employed [ 14 C]-labeled acetate or mevalonate injected into the animal followed by incubations ranging from a few hours to several days before isolation of sterols for radioassay. Part of the results is summarized in Table 1. 1
Crustaceans
Mammals can synthesize cholesterol from low molecular weight precursors such as acetate or mevalonate. However, a unique aspect of the lipid nutrition of crustaceans and some molluscs is that they require dietary sources of sterol for growth and survival because of the absence of de novo sterol-synthesizing ability. 7, 16 In higher animals, cholesterol is an important precursor of steroid hormones, molting hormones, bile salts, and vitamin D. It has been demonstrated in spiny lobsters that exogenous cholesterol is converted to sex hormones such as pregesterone, 17a-hydroxyprogesterone, androstenedione, and testosterone, and to molting hormones such as 20-hydroxyecdysone. 17 A feeding experiment using artificial diets conducted by Kanazawa 8 first demonstrated that Penaeus japonicus requires sterols for growth and survival, and reported a value of 0.5% dietary cholesterol for good growth. The optimum or required levels of dietary cholesterol for crustaceans reported to date are shrimp. On the other hand, it suggested that banana shrimp may require lecithin between 1 and 2% in the diet for good growth and high survival. However, there was no advantage given by supplementing cholesterol to the basal diet. [4- 14 C]-Cholesterol was orally administered to P. japonicus to clarify the effects of dietary phospholipids on the mobilization of sterols in diets to various organs and tissues. 37 The results suggest that dietary phospholipid contributes to the smooth mobilization of dietary cholesterol in the body, especially from the hepatopancreas to the hemolymph. On the other hand, Baum et al. 38 have shown that lobsters fed diets supplemented with lecithin had significantly higher levels of serum and lipoprotein cholesterol than lobsters fed diets without supplemental lecithin. Levels of fecal total cholesterol also were generally greater for lobsters fed lecithin-supplemented diets. In 1997, Teshima et al. 28 have indicated that the juvenile Macrobrachium rosenbergii was capable of de novo cholesterol synthesis in contrast to other prawn species but required a dietary source of 0.1% cholesterol for the maximum growth. Briggs et al. 27 found that a level of 0.12% cholesterol was sufficient for juvenile M. rosenbergii. Using a semipurified diet, D'Abramo and Daniels 39 found a significant increase in weight gain of the juvenile M. rosenbergii when the level of dietary cholesterol was increased from 0.3 to 0.6%, but a further increase to 0.9 and 1.2% produced no higher weight gain. In the absence of a dietary source of sterol, M. rosenbergii died within 48 days after the start of the experiment. Recently, D'Abramo 29 has reviewed the nutritional requirements of M. rosenbergii and compared them with those reported for several species of marine shrimp. A combination of dietary phytosterols is equally effective as cholesterol in satisfying a dietary sterol requirement of 0.6% for juvenile M. rosenbergii. Penaeid species require sterols, but dietary phytosterols are not as effective as cholesterol in promoting growth. Perhaps M. rosenbergii has the ability to synthesize cholesterol from dietary b-sitosterol at a more efficient rate. Crustaceans possess the ability to dealkylate some C 28 and C 29 sterols to cholesterol. Kanazawa et al. 40 and Teshima and Kanazawa 41 have demonstrated that survival rates of juvenile prawns receiving ergosterol, stigmasterol, or bsitosterol were high, but growth was inferior when compared with that of prawns receiving cholesterol as a sterol source. In addition, prawn larvae have also been shown to grow well with high survival rates on the microparticulate diets containing 22-dehydrocholesterol, 24-methylenecholesterol, ergosterol, or isofucosterol. 42 These suggest the possible C-24 dealkylation of these C 28 and C 29 summarized to be approximately 0.1-2.0% of the dry weight of diet (Table 2) , and may be age and diet dependent. In the larval prawn, P. japonicus, the effectiveness of dietary soybean lecithin in improving growth and survival has not been shown to be affected by dietary cholesterol levels, indicating that the optimum soybean lecithin and cholesterol levels were 3.0% and 1.0% in the diets, respectively. 21 A growth study using juvenile Penaeus monodon fed test diets containing graded levels of cholesterol (0, 0.5 and 1% of diet) and purified phosphatidylcholine (0, 1.25, 2.5 and 5% of diet) in combination showed that the shrimp attained optimal growth when diets contained 1% cholesterol or 1.25% phosphatidylcholine. 23 The values are equal to those obtained for Penaeus penicillatus. 24 The interactions between cholesterol and phosphatidylcholine on weight gain of both species were insignificant. Recently, Thongrod and Boonyaratpalin 25 have determined cholesterol and lecithin requirements of juvenile banana shrimp, Penaeus merguiensis. The cholesterol feeding experiment showed that shrimp fed the diet without cholesterol supplement had similar weight gain to shrimp fed a diet supplemented with 0.5 or 1% cholesterol. This indicates that the non-cholesterol supplemented diet that already contained 0.6% sterol esters, might have satisfied the cholesterol requirement of banana sterols to cholesterol in crustaceans. Teshima 43 proposed a pathway of dealkylation of C 28 and C 29 sterols via desmosterol to cholesterol in crustaceans ( Fig. 1 ).
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Molluscs
The sterol metabolism of molluscs differs between classes. 43 Chitons belonging to class Amphineura can synthesize cholest-7-enol from low molecular weight precursors and also transform exogenous cholesterol to cholest-7-enol. Many gastropod species have been shown to possess the ability for de novo synthesis of cholesterol. In general, cholesterol biosynthesis seems to proceed at a rapid rate in gastropods. Gastropods are also probably capable of dealkylating some phytosterols to cholesterol. It is possible that most gastropods do not require a dietary source of cholesterol for growth. There is evidence for de novo sterol biosynthesis in the pelecypods, mussels, Mytilus edulis, 44 ,45 the cephalopods, octopus, Octopus vulgaris, 45 and the squid, Sepia officinalis. 46 However, no incorporation of acetate and mevalonate into sterols has been shown in the mussel, M. edulis, 47 the oyster, Ostrea gryphea, 48 and the cephalopods, Eledon aldovadi. 46 Generally, pelecypods and cephalopods seem to incorporate acetate and mevalonate into sterols poorly. Accordingly, pelecypods are likely to require dietary sources of sterols for growth and survival. Trider and Castell 49 have suggested, by feeding experiments using artificial diets, that the oyster, Crassostrea virginica, requires low levels of cholesterol (0.1-0.2%) for growth. However, the test diets used did not show a significant increase in oyster tissue weight. It should be noted that trials of the oyster were conducted using seawater filtered down to 10 mm; therefore, the sterol requirements of oysters and other pelecypods should be re-evaluated more rigorously in consideration of microbial contribution. Teshima that, although sea scallops may be capable of sterol biosynthesis, the incorporation of unmodified dietary phytosterols plays an influential role in establishing their sterol composition. In 1999, Knauer et al. 53 have shown the assimilation of dietary phytosterols by Pacific oyster, Crassostrea gigas spat. Pacific oyster spat were fed either the microalga, Chaetoceros muelleri, Isochrysis aff. galbana or Pavlova lutheri to investigate the effect of dietary phytosterols on the sterol composition of spat tissues. After a 6-week feeding period the sterol profile of spat tissues generally reflected that of the diet. 4-Demethylsterols, such as cholesterol and 24-methylcholestrol, were readily incorporated into spat tissue but 4-methyl sterols were poorly assimilated by spat. The absolute content of every sterol decreased in spat that had been starved for 6 weeks, but the relative sterol composition was similar to the initial sterol profile. However, the relative level of cholesterol increased, indicating the important role of this sterol in spat metabolism.
Echinoderms
The echinoderms belonging to the class Asteroidea and Holothuroidea contain mainly D 7 -sterols. The sterols of these echinoderms are generally complex but is unable to synthesize cholesterol from acetate. According to Wikfors et al., 51 most microalgae including species that support rapid growth of oyster, contained very little cholesterol, but produced a number of other sterols. Sixteen algal strains were evaluated for sterol composition semiquantitatively. Two aspects of algal sterol structure: (i) the presence of an ethyl rather than a methyl group on carbon 24; and (ii) the presence of a double bond at carbon 5, showed statistically significant positive effects upon oyster growth. The anatomical distributions of sterols and the incorporation of dietary phytosterols were studied in sea scallops, Placopecten magellanicus. 52 In order to know if anisomyarian bivalves require a uniform anatomical distribution of sterols, wild scallops were subjected to a microalgal diet containing high concentrations of brassicasterol, b-sitosterol and cholesterol. The sterol composition of the scallop adductor muscle was not changed by 6 weeks of feeding the experimental diet. In contrast, the proportion of brassicasterol, b-sitosterol and cholesterol in the digestive gland, and of brassicasterol and cholesterol in the male gonad, increased significantly. These results show that the typical even anatomical distribution of sterols of bivalves can be disrupted by a drastic change in diet and is therefore not subject to strict internal regulation. Furthermore, the P. magellanicus results indicate mixtures that are composed of C 26 -, C 27 -, C 28 -and C 29 -sterols. The biosynthesis of sterols from mevalonate in the class Asteroidea (starfish), Leiaster leachii, 54, 55 Coronaster valsellatus, 54 Protoreaster nodsus, 54 Henricia ohshimai, 54 Coscinasterias acutispina, 56 Asterias rubens, 57 Marthasterias glacialis, 57 Astropecten aurantianus, 57 and Echinaster sepositus, 57 and class Holothuroidea, Holothuria leucospilota, 54 Cucumaria planci, 58 Stichopus regalis 58 was studied. The results indicated that all echinoderms are capable of synthesizing at least cholest-7-enol from acetate or mevalonate via probably squalene and lanosterol etc. However, this animal seems not to possess the ability for both alkylation at the C-24 position and the introduction of a double bond at the C-22 position of cholst-7-enol, therefore it may be assumed that in the starfish C 27 -sterols such as cholest-7-enol are derived by both biosynthesis and exogenous sources but C 26 , C 28 , C 29 , and C 30 -sterols depend on diet only. Asteroids are also capable synthesizing cholest-7-enol from cholesterol via cholestanol. In coral reefs, Acanthaster planci takes the corals containing gorgosterol in the diet and can convert dietary 
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Coelenterates
The biosynthesis of sterols from mevalonate in the coelenterates, Sarcophyta sp., Stereonephthya japonica, Acalycigorgia inermis, Ellisella rubra, Dofleinia armata, and Parasicyonis actinostoloides has been demonstrated. 54 It was shown that the four coelenterates, Sarcophyta sp., S. japonica, D. armata, and P. actinostoloides, are more or less capable of synthesizing sterols from mevalonate, but the two species of coelenterates, A. inermis and E. rubra, lack this ability. These results indicate that some coelenterates possess the sterol-synthesizing ability from mevalonate but others do not.
Porifera and annelids
Walton and Pennock 47 have investigated the biosynthesis of sterol by porifera (sponges) and annelids. The sponges have been suspected to contain sterol mixtures including new types of sterols. The sterols with unusual steroid nuclei or with non-conventional side chains have been isolated from the sponges. The sterols occurring in the sponges are thought to be derived from exogenous sources or by the modification of dietary sterols, because the sterol biosynthesis in the sponges seemed not to take place or to proceed at a slow rate. Therefore, the sterol components of sponges are likely to vary with habitat. Marsh et al. 60 have shown dietary effects on oocyte yolk composition in Capitella sp. I (Annelida: Polychaeta). Immature Capitella sp. I was raised on four diets: Gerber cereal, a commercial mixed grain cereal; TetraMin, a staple diet for aquarium fish comprising algal and animal tissues; Ulva sp.; and benthic diatoms. After 2 weeks of culturing different populations of these diets, eggs were dissected from gravid females and analyzed for sterol composition. The sterol profiles of all eggs were dominated by cholesterol and cholest-5,24-dien-3b-ol (60%). A principal component analysis of egg sterols discriminated between adult diets with cholesterol, 23,24-dimethyl-cholesta-5-en-3b-ol, cholest-5,24-dien-3b-ol and C 29 sterol showing the greatest differences.
COMPOSITION OF STEROLS
The sterol composition occurring in various phyla of marine invertebrates has been reinvestigated in the 1970s and 1980s. These sterols were analyzed by thin-layer chromatography, column chromatography, high-performance liquid chromatography, gas-liquid chromatography (GLC), GLC-mass spectrometry, infrared absorption spectroscopy, mass spectrometry, and nuclear magnetic resonance spectrometry. As a result, the sterol composition of marine invertebrates has been shown to be more complex.
Crustaceans
Cholesterol is the major sterol (more than 90-95% of total sterols) in crustaceans. Most crustaceans contain small amounts of C 28 and C 29 sterols in the sterol mixtures. Pakrashi et al. 61 have shown that the horseshoe crabs, Tachpleus gigas and Carcinoscorpius rotundicauda, exceptionally contain considerable amounts of C 28 and C 29 sterols such as campesterol (10%), stigmasterol (7%), b-sitosterol (24%), and 28-isofucosterol (3%). Serrazanetti et al. 62 showed the sterol constituents of isopod crustacean, Idotea balthica basteri. The main component contained in the sterol fraction was cholesterol and the minor constituents were cholesta-5,22-dien-3b-ol, cholesta-5,24-dien3b-ol, 24-methylenecholest-5-en-3b-ol, and 24-ethylidenecholest-5-en-3b-ol. Fricke and Oehlenschlaeger 63 identified cholesterol, desmosterol, the complexity of dietary sterols arising through food chains. [65] [66] [67] The structures of 21 sterols were established from pearl-oyster, Pinctada martensi. The major components were D 5 -sterols. It was especially characteristic of the pearl-oyster that many of the saturated sterols and ring-saturated sterols were also present as lesser components. 68 During the course of an extensive investigation of mollusc sterols, several new sterols have been isolated; C 26 -sterol (22E)-24-norcholesta-5,22-dien-3b-ol (1), 69 (the number and structure of the sterols are shown in Fig. 2 ), C 30 -sterols (24Z)-24-propyridene-cholest-5-en-3b-ol (2) 70 and (24Z)-24-propyridenecholest-7-en-3b-ol (3), 
Molluscs
The sterol composition of molluscs varies from class to class. 7, 64 Chitons, the most primitive molluscs belonging to class Amphineura, contain D 7 -sterol, mainly cholest-7-enol, in contrast to other classes of molluscs which predominantly possess D 
Echinoderms
It is generally recognized that asteroids and holothurians usually contain D 7 -sterols, while ophiuroids and echinoids contain D 5 -sterols. As an example, the sterol composition of asteroid, Acanthaster planci is shown in Table 3 . 74 Up to date, some new sterols have been isolated from echinoderms: for example, acanthasterol[(22R,23R,24R)-22,23-methylene-23,24-dimethyl-5a-cholest-7-en-3b-ol] (6), 75 23-demethyl acanthasterol (7), 74 gorgostanol[(22R,23R,24R)-22,23-methylene-23,24-dimethyl-5a-cholestan-3b-ol] (8), 59 24-methylcholesta-7,22,25-trien-3b-ol (9), 76 and amuresterol[22-trans-27-nor-(24S)-24-methylcholesta-7,22-dien-3b-ol] (10). 77 Recently, sterols from the sea cucumbers, Pseudostichopus trachus, Holothuria nobilis, Holothuria scabra, Trochostoma orientale, and Bathyplotes natans have been isolated and studied. About 80 sterols were found and 69 of these were identified, including several new and rare ones. 
Porifera (sponges)
The sponges have been suspected to contain sterol mixtures including new types of sterols of over 100. 2, 3, 83 The characterization of sterols of sponges has been intensively carried out by several groups of workers using modern techniques. As a result, sterols with unusual steroid nuclei or with non-conventional side chains have been isolated from sponges; for example, stanols with one double bond at side chains, 84 26-methylated sterols such as aplysterol (14) and 24,28-didehydroaplysterol (15), 85 19-nor-sterols (16) with saturated and monosaturated C 7 , C 8 , C 9 , and C 10 side chains, 86 stanols with 3b-hydroxymethyl-A-nor-5a-cholestane nucleus (17) , 87, 88 and C 29 cyclopropene-containing sterol. 89 After that, Doss and Djerassi 90 isolated four new sterols with cyclopropene-containing side chains from the Caribbean sponge, Calyx podatypa. The major sterol was shown to be the 23-epimer of (23R)-23H-isocalysterol (18). Gunasekera et al. 91 showed a new sterol ester, 24,26-cyclo-5a-cholest-(22E)-en-3b-ol 4¢, 8¢, 12¢-trimethyl-tridecanoate from a deep water marine sponge, Xestospongia sp. Makarieva et al. 92 isolated a novel sterol with an unusual side chain, 24-ethyl-26-norcholesta-5,22E,25-trien-3b-ol (baikalosterol) (19) from the sponge, Baicalospongia bacilifera. The presence of these non-conventional sterols in the sponges is not only interesting from the biochemical viewpoint, but also may provide useful data for the taxonomical classification of sponges.
BIOACTIVE STEROLS
Estrogens and their derivatives are generally known to be effective hypocholesterolemic agents. However, clinical application is often restricted due to their side-effects as sex hormones. Accordingly, a number of workers have attempted to find hypocholesterolemic substances without hormone activity. Sterols isolated from marine organisms have been shown to exert a hypocholesterolemic effect. The effect of 7-cholestenol (cholesta-7-en-3b-ol) and 24-methylenecholesterol (24-methylenecholesta-5-en-3b-ol) on the cholesterol level in serum and liver of rats has been studied. 7-Cholestenol and 24-methylenecholesterol from molluscs were found to significantly decrease the cholesterol level in both serum and liver of rat. 93 Datta et al. 94 have isolated a bioactive sterol from a sea pen, Pteroeides esperi. A cytotoxic sterol, cholesta-3b, 5a, 6b-triol (20) isolated from the sea pen is the first report of its isolation from a natural source. The sterol compositions of several soft corals and gorgonians as well as the composition of their associated symbiotic dinoflagellates have been studied by Bhakuni and Jain. 95 In general, highly oxygenated sterols often exhibit pharmacological activity as bioactive unusual sterols. Chemical investigation of the secondary metabolites of the marine sponge, Aplysilla glacialis resulted in the isolation and characterization of four diterpenes, two sterol endoperoxides, and two methylated primary metabolites. 96 Cholesterol endoperoxide was shown to deter feeding of fish. A mixture of sterol endoperoxides was isolated from the mucus that coats the surface of A. glacialis and is exuded in large quantities when the sponge is disturbed. Further work is required in the area of bioactive sterols.
Sterols in marine invertebrates
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STEROL DISTRIBUTION IN THE MARINE ENVIRONMENT
Coprostanol, a sterol which is an indicator of fecal contamination, has been studied in order to determine the degree of fecal pollution in a part of Lake Constance, Germany during the past 200 years. 97 The concentrations ranged from 0.0 p.p.m. in the lowermost part of the core (below 12 cm) to 5.87 p.p.m. in the uppermost 0-1 cm sediment layer. The analyses of chemicals within coral bands have been proposed as a method to investigate past historical events of pollution in the marine environment. 98 To investigate this hypothesis coral colonies were collected from Kuwait coastal waters following the Gulf War to examine the hydrocarbon and sterol contents in different bands. Analyses of sterols revealed significant amounts of cholesterol and b-sitosterol, which generally declined rapidly from around 250 mg/g in the surface layer to undetectable levels in the bottom layers. These results are interesting and further studies are being performed to investigate the environmental importance of the presence of these organic compounds in coral skeletons.
